We report the growth and separation of a high quality GaN epilayer from a sapphire substrate using lateral epitaxial overgrowth (LEO) and a wet chemical etching process. A high quality GaN epilayer was grown by the LEO method using a SiO 2 -coated tungsten (W) mask. The LEO GaN epilayer was separated from the sapphire substrate by an etching solution injected through the voids formed by the chemical reaction of GaN with hydrogen gas under the W mask. The crystalline quality and optical properties of the separated GaN epilayer were improved by the reduction in threading dislocation and the release of stress in GaN. # 2011 The Japan Society of Applied Physics R ecently, III-nitride materials have attracted much attention for the fabrication of high-brightness lightemitting diodes (LEDs) in a spectral range from ultraviolet to blue and green. However, conventional LEDs grown on sapphire substrates have inherent problems of current crowding at high current injection, which are caused by the electrode positions on the same side of the chip.
R ecently, III-nitride materials have attracted much attention for the fabrication of high-brightness lightemitting diodes (LEDs) in a spectral range from ultraviolet to blue and green. However, conventional LEDs grown on sapphire substrates have inherent problems of current crowding at high current injection, which are caused by the electrode positions on the same side of the chip. 1) Furthermore, there is a limitation in improving the optical output power and chip characteristics because sapphire substrates have poor electrical and thermal conductivities.
To solve these problems, vertical LEDs in which a sapphire substrate is removed using a laser lift-off (LLO) technique have been proposed. [2] [3] [4] Unlike conventional LEDs that are fabricated on a sapphire substrate, the vertical LED has the advantages of better current injection, uniform current spreading, efficient thermal dissipation, improved optical output power, and enhanced reliability. However, a vertical LED may suffer from the disadvantages of LLO process for detaching the sapphire substrate. In LLO process, a high energy laser is irradiated onto the interface between the GaN epilayer and the sapphire. The irradiated laser causes the interfacial GaN to decompose and makes it possible to separate the GaN epilayer from the sapphire substrate. However, the GaN epilayers close to the area irradiated by the laser suffer from strain induced cracks and damage due to an inhomogeneous temperature rise during the LLO process conducted to fabricate the vertical LEDs. 3, 4) To solve this problem, various separation methods have been actively investigated by many research groups. [5] [6] [7] [8] [9] Recently, a chemical lift-off (CLO) process has been applied to fabricate vertical LEDs, in which CrN is used as a sacrificing buffer layer. The CLO process is not expected to generate defects because the LEDs are not affected by any physical and thermal damage during the detachment process. [5] [6] [7] The ZnO layer has also been used as a sacrificing layer to make a GaN template. 8, 9) However, the GaN epilayer grown on sacrificing buffer layer is relatively poor compared with that grown on the conventional low temperature GaN or AlN buffer layer on the sapphire substrate.
In this study, we demonstrate an improved method to grow and separate the GaN epilayer from the sapphire substrate. The GaN epilayer is grown on the sapphire substrate by lateral epitaxial overgrowth (LEO) using a SiO 2 -coated tungsten (W) mask and detached from the substrate by a wet chemical etching process. The crystalline quality of the separated GaN epilayer was significantly improved by the reduction in threading dislocation and the release of stress in the GaN epilayer.
The GaN epilayers were grown on a c-plane (0001) sapphire substrate by metalorganic chemical vapor deposition (MOCVD). After the growth of a 25-nm-thick GaN nucleation layer at 550 C, a 2-m-thick undoped GaN template was grown at 1020 C. A line-shaped photoresist (PR) mask pattern with a width of 6 m and a spacing of 6 m between patterns was formed on an undoped GaN template in a h1 " 100i GaN crystal direction by photolithography. Then, a 150-nm-thick W layer was deposited on the PR pattern as an LEO mask by electron-beam evaporation. Arrays of line-shaped W masks on the GaN template were obtained after the lift-off process. After the formation of the line-shaped W mask, a 100-nm-thick SiO 2 layer was selectively deposited on the W mask by photolithography and wet etching of SiO 2 in a buffered oxide etchant (BOE) for 30 s. Figures 1(a) and 1(b) show the plan-view and crosssectional scanning electron microscopy (SEM) images of SiO 2 -coated W masks. An undoped GaN with a thickness of 8 m was grown on the GaN template by the LEO method using SiO 2 -coated W masks. The LEO GaN was grown at 1020 C under a hydrogen (H 2 ) ambient and the molar flow ratio of the Ga source and ammonia (V/III ratio) was 2250. The growth pressure was 100 Torr and the growth rate was 4 m/h. Figures 1(c) and 1(d) show the cross-sectional SEM image of a coalesced GaN epilayer grown by the LEO method using a SiO 2 -coated W mask. As shown in Fig. 1(c) , the full coalescence of LEO GaN was achieved and the SiO 2 -coated W masks were fully covered by the GaN epilayer. Voids were also formed under the SiO 2 -coated W mask, as shown in Figs. 1(c) and 1(d). The formation of voids is attributed to the decomposition of GaN by the chemical reaction of GaN with H 2 and W during the LEO process of GaN. It was reported that the W mask is not dense and hydrogen molecules and their radicals pass through the W mask, resulting in the decomposition of the GaN epilayer under the W mask. 10) For comparison, the LEO GaN epilayers grown by using W and SiO 2 -coated W masks with the same pattern size Ã E-mail address: sjpark@gist.ac.kr were prepared, as shown in Fig. 2. Figures 2(a) and 2(b) show the optical microscopy images of the LEO GaN epilayers grown using the W and SiO 2 -coated W masks, respectively. As shown in Figs. 2(a) and 2(b) , the surface of the W mask was partially covered by the GaN layer, while the surface of the SiO 2 -coated W mask was fully covered by the GaN layer. The poor surface coverage of GaN on the W mask is attributed to the diffusion of W atoms to the GaN epilayer above the W mask at a high growth temperature for the overgrowth of GaN. 10, 11) The size of the void under the W mask is much larger than that of the LEO GaN epilayer with a SiO 2 -coated W mask due to the chemical reaction of GaN with H 2 , which easily diffuses through the W mask. However, the SiO 2 -coated W mask is believed to suppress the decomposition of the W mask and the in-diffusion of W to the LEO GaN epilayer, resulting in the full coverage of GaN on the SiO 2 -coated W mask.
To separate the LEO GaN epilayer from the sapphire substrate, the GaN between voids was removed using a wet chemical etching process. The chemical etchant used to remove the remaining GaN is a molten potassium hydroxide (KOH). The samples were chemically etched in the molten KOH at 150 C for an etching time from 10 to 60 min. The KOH etchant is believed to penetrate through the voids formed under the SiO 2 -coated W mask and etch the remaining GaN template to separate the LEO GaN epilayer from the sapphire substrate. Figure 3 shows the crosssectional SEM images of LEO GaN epilayers which were etched for different etching times. As shown in Fig. 3 , the size of voids increased with increasing etching time and the LEO GaN epilayer was finally separated from the sapphire substrate. Figure 3(b) shows that GaN under the SiO 2 -coated W mask was preferentially etched in the etching solution. Then, the SiO 2 -coated W mask was removed and the underlying GaN epilayer was fully etched, as shown in Fig. 3(c) . After an etching time of 30 min, the lateral region of GaN was almost etched away and the voids were connected, as shown in Fig. 3(d) . Finally, the LEO GaN epilayer is entirely separated from the sapphire substrate as shown in the Fig. 3(e) . Figure 3(f) shows the separated LEO GaN epilayer after being over-etched in KOH for 60 min. It was also observed that the inverted pyramids are formed on the bottom surface of the LEO GaN epilayer. The pyramidal surface is expected to increase the light extraction efficiency of vertical LEDs. 12) Figure 4 shows cross-sectional transmission electron microscopy (TEM) images of the LEO GaN epilayers. As shown in Fig. 4(a) , the SiO 2 -coated W masks effectively prevented the propagation of threading dislocations in the mask region, while threading dislocations propagated in the window region. Figure 4(b) shows the voids produced under the W masks. To investigate the density of threading dislocations, the measurement of atomic force microscope (AFM) was also performed (not shown). The measured root mean square (RMS) roughnesses of the LEO GaN epilayers in the mask and window regions are 0.37 and 0.52 nm, respectively. The surface pit density of GaN in the mask region is 5 Â 10 7 cm À2 and that in the window region is 2 Â 10 9 cm À2 . The surface pits formed in the GaN epilayer are mainly due to the propagation of the threading dislocations.
13) The AFM result indicates that the surface morphology of the LEO GaN epilayer in the mask region is significantly improved compared with that of the LEO GaN epilayer in the window region because the threading dislocations are terminated when they encounter the SiO 2 -coated W mask, resulting in a decrease in the threading dislocation density of LEO GaN in the mask region. The optical properties of LEO GaN epilayers were investigated by photoluminescence (PL) and Raman spectroscopy measurements. Figure 5(a) shows the room temperature PL spectra of LEO GaN epilayers. As shown in Fig. 5(a) , the PL intensity of the LEO GaN with a SiO 2 -coated W mask is increased by 63% compared with that of as-grown GaN without a mask. The enhancement of PL intensity is attributed to the improvement of internal quantum efficiency by the reduction in dislocation density in the LEO GaN. However, the LEO GaN epilayer with a W mask shows a very low PL intensity compared with the other GaN epilayers. This result may be due to the in-diffusion of W atoms to the LEO GaN epilayer at a high growth temperature used for the growth of the LEO GaN epilayer. 11) In order to identify stress relaxation in the LEO GaN epilayer due to the void formation, Raman measurement was performed. It was reported that the shift of E 2 phonon mode peaks of a GaN epilayer on the Raman spectrum is an indication of the stress state of the epilayer. 14, 15) As shown in Fig. 5(b) , the E 2 phonon mode peaks of the as-grown GaN and LEO GaN epilayers with a SiO 2 -coated W mask were located at 570.8 and 569.6 cm À1 , respectively. The relaxation of residual stress was calculated by using the following equation:
where ! and ! 0 represent the Raman peaks of LEO GaN and as-grown GaN epilayers, respectively. A redshift of 1.2 cm À1 of the LEO GaN epilayer with respect to an as-grown GaN corresponds to the relaxation of compressive stress xx by 0.285 GPa when a proportionality factor K of 4.2 cm À1 /GPa is used for hexagonal GaN.
14) The relaxation of stress is attributed to the formation of the voids in the underlying GaN template. This result shows that the high quality stressreleased GaN epilayer can be grown by using LEO and separated from the sapphire substrates by a wet chemical etching process for the fabrication of high performance vertical LEDs.
In conclusion, we demonstrate a method to grow and separate the high quality stress-released GaN epilayer from a sapphire substrate. Voids were formed under the SiO 2 -coated W masks, resulting in the relaxation of stress in the LEO GaN epilayer. After removing the remaining GaN template by a wet chemical etching process in the voids, the LEO GaN epilayer was entirely detached from the sapphire substrate. The crystalline quality and optical properties of an LEO GaN epilayer were improved by the reduction in threading dislocation and the release of stress in GaN.
(b) (a) Fig. 4. (a, b) Cross-sectional TEM images of LEO GaN epilayer and SiO 2 -coated W mask.
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